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genetics; quantitative trait locus; spatial navigation; Morris water maze THERE IS AN INCREASING EFFORT to understand all aspects of cognitive function, including the unraveling of underlying molecular mechanisms contributing to the modulation of learning and memory. This could be of critical importance in deciphering molecular genetic mechanisms involved in pathological processes in which learning and memory function are significantly disrupted or impaired.
Two molecular genetic approaches have been employed to gain insights into molecular mechanisms of learning and memory: 1) gene ablation via specific gene targeting in mice and 2) standard intercross linkage analysis aimed at identifying natural genetic variations underlying strain differences in cognitive function. Null mutations in several genes that are highly expressed in the brain, including those that encode ␥-PKC (1), the metabotropic glutamate receptor mGlu R1 (2), CREB ("cAMP-responsive element binding protein"; Ref. 4 ) and ␣-Ca 2ϩ /CaM kinase II (6), produces deficits in contextual learning in the mouse, thus implicating these proteins in learning and memory function. Recently, two mouse genetic linkage studies have been reported detecting quantitative trait loci (QTLs) for contextual learning on chromosomes 1, 2, 3, 10, and 16 in a standard B6/D2 intercross (19) and on chromosomes 1, 3, 7, 8, 9 , and 18 in a backcross C3H/B6 linkage analysis (5) . QTLs affecting spatial learning have also being reported in mice, on chromosomes 1 and 5 in a study using B ϫ D Ty recombinant inbred mouse strains (10) and on chromosomes 4 and 12 in a DBA2/C57BL6 mouse intercross study (17) . The genetic variants accounting for the QTLs effect on contextual and spatial learning remain to be identified.
QTL analysis for spatial learning in rats has not been performed, and the Dahl rat could offer a valuable model to dissect genetic loci modulating cognitive performance. The Dahl rat is one of the broadly used inbred lines of hypertension, with Dahl S rats being salt sensitive and their counterpart Dahl R rats being salt resistant for the development of high blood pressure (15) . This animal model has been extensively utilized in studies related to hypertension susceptibility (8) . We investigated the possibility that distinct behavioral phenotypes could have been segregated in these inbred rat lines during the selective inbreeding for hypertension. We detected significant differences in spatial learning and memory between Dahl S and Dahl R rats. This complex trait was found to be amenable to genetic analysis aimed at identifying natural genetic variations underlying the strain difference in navigational performance.
Here we report the identification of two genetic loci on chromosome X influencing spatial learning and memory in Dahl rats using reciprocal F1 intercrosses followed by an F2 intercross linkage analysis. One QTL (Nav-1) affected acquisition performance, and the other QTL (Nav-2) influenced spatial accuracy performance.
MATERIAL AND METHODS

Study Cohorts
All animal experimentation was conducted in accordance with protocols approved by the Boston University Medical Center, Institutional Animal Care and Use Committee. Dahl S/hsd (n ϭ 12) and Dahl R/hsd (n ϭ 12) male rats (raised on a low-sodium diet) were obtained from Harlan (Indianapolis, IN) at 11 wk of age for characterization of parental strains. Reciprocal mating of the parental strains, Dahl R female ϫ Dahl S male and Dahl S female ϫ Dahl R male, produced two types of F1 male hybrids, F1(RXS) (n ϭ 12) and F1(SXR) (n ϭ 11), respectively. A cohort was derived from brotherto-sister mating of F1 (R female ϫ S male) hybrids to produce an F2 male segregating population (n ϭ 178). In our laboratory, all rats were maintained on LabDiet 5001 rodent chow (Harlan Teklad, Madison WI) containing 0.4% NaCl available ad libitum. Behavioral testing was performed on parental, F1 and F2 cohorts at 12 wk of age.
Morris Water Maze Task
The Morris water maze (MWM) task was performed essentially as described (18) using a 1.5-m diameter, circular water maze (constructed of white plastic and filled with water at 25°C Ϯ 0.5) and a computer tracking system (Polytrack software program; San Diego Instruments, San Diego, CA). A circular platform, 25 cm high and 12 cm in diameter, was placed at the center of one of four imaginary quadrants. The water was rendered opaque with 1.5 liters of 2% reduced fat milk. Distance was used to evaluate performance since swim speed was found to be significantly different between parental (Dahl R ϭ 31.25 Ϯ 1.03 cm/s; Dahl S ϭ 25.22 Ϯ 1.28 cm/s; F 1,22 ϭ 13.468, P Ͻ 0.002) and F1 intercross populations [F1(RXS) ϭ 30.22 Ϯ 0.60 cm/s; F1(SXR) ϭ 26.54 Ϯ 1.11 cm/s, F 1,21 ϭ 9.002,
Hidden platform version. The platform was submerged 1 cm below the surface of the water, and 12 swim trials were given per day (for 2 consecutive days). Animals were placed into the maze (at one of three randomized start positions located adjacent to the wall) and were allowed to traverse the maze in search of the escape platform. On each trial, a maximum swim time of 60 s was imposed. Between trials, a 35-s interval was imposed with the rat on the platform. At the end of the 24th trial, the platform was removed (probe trial), and the rat was allowed to search for 1 min. The distance traveled in the target quadrant (T) and the three other quadrants [adjacent-left (A L), adjacent-right (AR), and opposite (O)] was expressed as a percentage of the total distance traveled. Also, the distance traveled within a 30-cm diameter counter centered over the former platform site (in the target quadrant) was expressed as a percentage of the total distance traveled within that counter plus three other counters located at equivalent positions in the remaining quadrants.
Visible platform version. All visual cues were removed from the room, the platform was raised 2 cm above the surface of the water, and two 15-cm high dark cylinders were attached to it. Twelve consecutive trials were then administered with a 35-s intertrial interval (as above). The platform was moved in a random fashion between each trial.
Intercross Linkage Analysis
Genotyping was done with six chromosome X markers. QTL analysis was performed using the cumulative distance traveled over the 24 trials as an index of acquisition performance (ACQ TD ; Table  1 ), and the percent distance traveled in target counter on the probe trial (see above) served as an index of spatial accuracy (SpA; Table 2 ). Linkage map, marker regression, and interval mapping analyses were done with the Map Manager QTXb17 program (9) , which generates a likelihood ratio statistic (LRS) as a measure of the significance of a possible QTL. A backcross analytic design was implemented to perform both the permutation test as well as the QTL analysis. Genetic distances were calculated using Kosambi mapping function (in cM) and were as follows: DXRat8-(21. 4 
Statistical Analyses
Behavioral data were analyzed by two-way repeated measures ANOVA, one-way ANOVA, or t-tests (when indicated) using the SigmaStat software, version 2.0 for Windows (SPSS, Chicago, IL). All statistical tests were two-tailed, and differences were considered significant at the P Ͻ 0.05 level.
RESULTS
MWM Testing of Parental Strains
To examine potential differences in spatial learning and memory between strains, Dahl S and Dahl R male rats were compared directly in the hidden platform version of the MWM task. In this test, subjects are placed in a large tank of water, and they must learn to find a "hidden" escape platform by the flexible use of distal cues (11, 12, 13, 18) . Although Dahl S and Dahl R rats exhibited equivalent ability to locate a "hidden" platform during acquisition performance of the task (Fig. 1A , F 1,77 ϭ 0.614, not significant), on the probe trial (platform removed), Dahl S subjects had a disorganized search pattern showing absence of target selectivity (Fig. 1B) , whereas Dahl R rats demonstrated a clear preference for the target quadrant over all the remaining quadrants ( Fig. 1C , P Ͻ 0.001, derived from Tukey's pairwise multiple comparison test comparing % search distance in target quadrant vs. opposite, target quadrant vs. right, and target quadrant vs. left following one-way ANOVA). Analysis of the mean percent distance traveled in the target counter (training site) during the probe trial (a better discriminatory measurement of search accuracy for the hidden platform) (14) corroborated the superior performance of Dahl R rats in this task (Fig. 1D , Dahl R ϭ 55.6 Ϯ 4.2; Dahl S ϭ 33.8 Ϯ 8.1; F 1,22 ϭ 5.690, P Ͻ 0.03). Both groups were equally efficient in locating the escape platform in a visible platform version of the MWM (Fig. 1E, F 1,121 ϭ 3 .620, not significant), demonstrating that the underlying cause of their impairment in navigational performance was unlikely to result from sensorimotor deficits in the Dahl S rats.
MWM Testing of Reciprocal F1 Intercrosses
To delineate the mode of inheritance (autosomal vs. Xlinked) of the spatial learning and memory deficit detected in Dahl S rats, we tested F1(RXS) and F1(SXR) male progenies in the same apparatus employing the same test conditions used to characterize the parental strains. As shown in Fig. 2 , the F1(SXR) subjects demonstrated poor acquisition performance of the task, whereas F1(RXS) subjects exhibited efficient ACQ TD , acquisition performance; LRS, likelihood ratio statistic for the association of the trait with loci; TTV, the amount of total trait variance that would be explained by a QTL at these loci, as percent; P, nominal significance. location of the hidden platform. Direct comparison of the acquisition performance of the two crosses confirmed spatial learning impairment in the F1(SXR) group compared with the F1(RXS) cohort ( Fig. 2A, F 1,70 ϭ 11.295, P Ͻ 0.008). The probe trial data affirmed these observations. Similar to rats of the Dahl S genotype, F1(SXR) subjects showed absence of target selectivity (Fig. 2B) . Conversely, F1(RXS) subjects demonstrated a significant preference for the target quadrant over all the remaining quadrants ( Fig. 2C , P Ͻ 0.001, derived from Tukey's pairwise multiple comparison test comparing % search distance in target quadrant vs. each of the other quadrants following one-way ANOVA) thus resembling the behav- ior of rats of the Dahl R genotype. Further analysis of the mean percent distance traveled in target counter (training site) during the probe trial corroborated better performance of F1(RXS) subjects compared with F1(SXR) subjects (Fig. 2D, F 1,21 ϭ 5.038, P Ͻ 0.04). Both experimental groups were equally effective in locating an escape platform when tested on a visible platform version of the MWM task (Fig. 2E, F 1,120 ϭ 2.559, not significant) demonstrating similar sensorimotor skills. The complete segregation of the spatial learning and memory deficit in the F1 intercross male populations, along with the observation that the impairment of navigational performance detected in Dahl S male rats appears to be maternally transmitted to the male offspring, strongly suggests that this behavioral characteristic has an X-linked inherited component.
F2 Intercross Linkage Analysis
Chromosome X was analyzed further based on the results obtained in the reciprocal F1 intercrosses, suggesting a chromosome X effect on navigational performance. One hundred and seventy-eight F2 male hybrids were genotyped with six chromosome X markers. QTL analysis was performed using two measurements associated with navigational performance extracted from the MWM task as quantitative traits: ACQ TD (acquisition, total distance), representing the cumulative distance traveled over the 24 trials by the subjects during acquisition of the task (where the greater the distance traveled the less efficient was the acquisition performance), and SpA (spatial accuracy performance), indexed as the distance traveled in target counter as percentage of the total distance traveled over four counters located at equivalent positions within the four quadrants during the probe trial (the larger percentage representing greater spatial accuracy). ACQ TD and SpA are inversely correlated (r ϭ Ϫ0.2474, F 1,176 ϭ 11.48, P Ͻ 0.001) ,reflecting the expected relationship between these two behavioral components of navigational performance: the less distance traveled during acquisition (i.e., better learning performance), the greater percentage of distance traveled in target counter on the probe trial (i.e., greater spatial accuracy). Marker regression followed by interval mapping analyses detected two QTLs on chromosome X: Nav-1, affecting acquisition performance (Fig. 3A , centered at DXRat21, LRS ϭ 6.4, significant linkage, Table 3 ), and Nav-2, influencing spatial accuracy (Fig. 3B , centered at DXRat25, LRS ϭ 8.4, significant linkage, Table 3 ). These results corroborate chromosome X linkage of spatial navigational performance in Dahl rats as suggested by the reciprocal F1 intercross analysis.
DISCUSSION
Using standard intercross linkage analysis, we identified for the first time two QTLs on chromosome X (Nav-1, centered at DXRat21 and Nav-2, centered at DXRat25) influencing spatial navigation in Dahl rats. Nav-1 affects mainly acquisition performance without influencing spatial accuracy performance, whereas Nav-2 influences primarily spatial accuracy performance with no detectable effect on acquisition performance. This finding is consistent with the observed chromosome X effect in the F1 intercross study in which a significant acquisition and spatial accuracy performance difference was ob- served between the contrasting F1 populations. Although a number of different mechanisms could be postulated to explain the differences between the reciprocal F1 male populations including differences transmitted via the Y chromosome, genomic imprinting, or differences in prenatal or postnatal maternal care, the results of the F2 cosegregation analysis seem to exclude these possibilities.
Two types of experiments support the sex-linked inheritance of spatial navigational performance in Dahl rats: the F1 intercross analysis and the direct chromosome X scan performed on the F2 population. It is noteworthy to mention that several earlier studies reported sex-linked major-gene influence in human spatial visualizing ability (3, 7, 16) . Therefore, it is apparent that a major locus on chromosome X exists that influence spatial learning and memory.
Two recent studies report QTLs affecting spatial navigation in mice (10, 17) . Steinberger et al. (17) found QTLs on chromosomes 4 and 12 influencing variation in spatial learning, and Milhaud et al. (10) detected QTLs on chromosomes 1 and 5 modulating spatial navigation performance. The latter study showed that escape latencies and the spatial bias, two distinct components of the task, are controlled by different loci (chromosome 1 QTL influencing escape latencies and chromosome 5 QTL affecting spatial bias). This result is concordant with our findings of two distinct chromosome X loci influencing acquisition performance during the training phase of the task and spatial accuracy performance during the probe trial. The mouse studies did not report chromosome X effects on spatial navigation; therefore, the chromosome X QTLs detected in our Dahl (RXS) rat intercross must represent new molecular variants affecting the Morris navigation task.
Our results provide evidence for independent genetic determinants of different aspects of spatial learning and memory performance. Clearly, new insights into genetic mechanisms underlying cognitive function can be gleaned from such analysis, and the Dahl rat appears to provide a powerful model to accomplish those goals.
